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Sea-Level and Barrier evolution of St. Joseph Peninsula, North Gulf of Mexico,
Florida from textural analysis, ground penetrating radar and organic matter
isotope geochemistry.

Shakeel Ahmad, Eduard Reinhardt, Joseph Boyce, Peter Dao, William Rink
McMaster University

School of Geography and Earth Science

1280 Main St. W.

Hamilton, ON
L8S 4K1

ABSTRACT

St. Joseph peninsula is situated on the panhandle of Florida west coast in the
northeastern Gulf of Mexico at N29°50” and W85°20” and is located at the west edge of
the westernmost portion of the Apalachicola Barrier Island Complex (ABIC) on the Gulf
of Mexico shoreline. Three vibra-cores were collected on Saint Joseph Bay side of Cape
San Blas which is part of St. Joseph peninsula to determine its evolution in context of
previous work by Rink and Lopez (2010). The study uses detailed textural analysis (PSD
- Particle Size Distribution plots), multivariate statistics on the PSDs (Q-mode cluster
analysis) and organic matter geochemistry (C/N and 8*3C). In addition, Ground
Penetrating Radar (GPR) profiles are used to provide broader stratigraphic context.

The stratigraphic analysis found that CSB has an older nucleus of strandplain
deposits dating to >12 Ka that were subsequently flooded and modified through
Holocene sea-level rise at ~ 2.2 Ka. Actual barrier formation began sometime between

2.2. Ka and 0.6 Ka which is the oldest beach ridge measured by Rink and Lopez (2010).
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Progradation of the barrier on the St Joseph Bay side began at least by 0.3 Ka and likely
earlier. There is no evidence to indicate a higher than present sea-level in our core data

and our data follows that of other sea-level studies using submerged offshore samples.

1. INTRODUCTION

Traditionally, foraminiferal and thecamoebian analysis is used for paleo-
environmental interpretation and reconstructing sea level changes in coastal areas such as
marshes and wetlands (Horton, 1999; Gehrels et al., 2001; Patterson et al., 2005).
However, in some instances foraminifera are not present or are not preserved for a paleo-
environmental determination (i.e. fresh vs. marine peat; Shennan et al., 1999; Gonzalez et
al., 2000; Wilson et al., 2005b) making sea-level reconstruction difficult. In St. Joseph’s
Peninsula, there are no foraminifera in the sandy beach sediments or in the fringing
marshes and there are only sparse thecamoebian populations in the wetlands. To address
this shortcoming, this study uses detailed textural analysis (PSD - Particle Size
Distribution plots; Donato et al., 2009) and organic matter geochemistry (C/N and 53C)
of three vibra-cores taken from the lee side of the barrier. In addition, Ground
Penetrating Radar (GPR) profiles are used to provide broader stratigraphic context. The
goal of this study is to evaluate the formation and evolution of part of the St. Joseph
peninsula (the western most portion of Apalachicola Barrier Island Complex; Fig. 1) and
to compare the data with previous results (Stapor, 1975; Forrest, 2003; Otvos, 2005a;

Rink and Lépez Rink, 2010).
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1.1. Sea-Level Change and Barrier Formation

Research has examined the response of the northern coast of the Gulf of Mexico
to differing rates of sea-level change during the Holocene (Penland et al., 1991; Thomas
and Anderson, 1994). Differences in the sea level curves have created extensive debate
(e.g. gradual rise, stillstand, timing etc.; Shepard, 1964; Kidson, 1982; Pirazzoli, 1991)
with the mid-Holocene highstand being a focus of attention (Donoghue et al., 1998;
Otvos, 1999). Reconstructions based on data from the Mississippi delta and surrounding
areas indicate steady sea level rise during the Holocene (Torngvist et al., 2006; Write et
al., 2005; Milliken et al., 2008). This is counter to Coleman and Smith (1964) who
proposed that regional sea level reached its present level by ca. 2-5 ka, and load-induced
subsidence was responsible for late Holocene sea level rise in the delta region. Tornqvist
et al. (2004) argues it is due to glacio-isostatic adjustments. Research in other coastal
environments (barriers, lagoons etc.) of the Gulf (Morton et al., 2000; Blum et al., 2001,
2002, and 2003) favor a mid-Holocene highstand - i.e. sea level was 1-2m higher than
present. However, this is not universally accepted (e.g. see Otvos, 2001; Rodriguez et al.,
2004), with the cause of a higher than present sea level proving uncertain (Stapor et al.,
1991; Tanner, 1992; Morton et al., 2000). Many contradictions among the data sets have
prevented consensus among researchers (Kidson, 1982). Behrens (1966a) presented a
date (i.e. ca. 2000 *C years B.P.) for a beach deposit, located at 4 m higher than the
present sea level, at a location close to the US-Mexican border. Additional research on
other prograding beach ridges along the Florida coast in the eastern Gulf of Mexico

provided evidence for two mid-Holocene highstands (Tanner et al., 1989). However,
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recent research on coastal marshes in Florida did not provide any support for this (Write
et al., 2005). Most of the evidence for the mid-Holocene highstand (+2 m at ~ 5 ka years
BP) comes from studies on coastal land forms (i.e. beach ridges, marshes, subtidal flats
and wave cut features) in Texas (Morton et al., 2000; Blum et al., 2001). The mid-
Holocene opponents (Otvos, 2001, 2004; Rodriguez et al., 2004) believe the elevated
beach ridges are formed as a result of more intense storm activity during that time
(Rodriguez and Meyer, 2006; Donnelly and Giosan, 2008).

About 15% of the world’s shorelines have barrier islands and are a prominent
feature of the Atlantic and Gulf Coasts of the United States (Fisher, 1982). Over the
years, there has been significant debate on their origin (e.g. Redman, 1952; Johnson,
1919; Davies, 1961; Bigarella, 1965; Currey et al., 1967; Psuty, 1967; Alexander, 1969;
Tanner, 1970; Wright, 1970; Stapor, 1975; Carter, 1986; Mason, 1991) and there have
been many studies carried out worldwide (Johnson, 1919; Alexander, 1969; Carter, 1986,
Davis, 1994; Pekala, 1996; Locker et al., 1998, 2003). However, their origin is generally
thought to be due to a combination of processes (Schwartz, 1971).

De Beaumont (1845) was among the first to propose the concept of bar
emergence as a mechanism for barrier island formation. This concept is favored in studies
from the eastern and northern coasts of Gulf of Mexico (Otvos, 1970, 1979, 1981, 1984)
and is where the concept of bar emergence was further developed (Davis, 1994; Davis
and Hine, 1989; Gibbs and Davis, 1991). Gilbert (1885) proposed spit breaching and
development by longshore drift as another mechanism for barrier formation and evolution

on middle Atlantic and Gulf of Mexico coasts (Fisher, 1968; Leatherman, 1982;
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Randazzo and Jones, 1997). McGee, (1890) proposed that barriers formed with sea level
rise and drowning of coastal land forms (i.e. beach ridges and dunes) parallel to the
shores.

Elevations of coastal landforms (i.e. beach ridges) found on many modern
barriers, have been used as sea-level indicators (e.g. Otvos, 2000; Hampson, 2000).
However, the use of beach ridges as sea-level indicators depends on the understanding
the dominant processes controlling their formation and preservation (Otvos, 2000). Wave
energy is considered important in beach ridge development with variations in sea level,
tides and wind affecting the fluctuations in wave energy and their elevation above sea
level. Tanner (1995) suggested that the various characteristics (i.e. granulometry and
sedimentary structures) of beach ridges and swales are the indicative of normal fair-
weather wave processes. A small fall in sea level will generate swales whereas beach
ridges are formed as a result of rise in the intensity of these processes by a small rise in
sea level (Tanner, 1995). Otvos (2000) proposed that the combination of foreshore and

aeolian processes are responsible for the development of beach ridges.

1.2. Sea-Level Indicators
1.2.1. Microfossils

Microfossils studies and in particular foraminifera and thecamoebians have been
used extensively in sea-level reconstruction particularly in marine marsh peat (e.g. Scott
and Medioli, 1978; Gehrels, 1994, 2000; Horton and Edwards, 2006).

Foraminifera/thecamoebians are often zoned in marine marshes based on tidal flooding
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with distinctive assemblages living in the high and low marsh (Scott and Medioli, 1980,
1986; Scott and Leckie, 1990). This zonation is used to reconstruct sea-level often at a
very high resolution (e.g. Shennan, 1986, 1992; Van de Plassche, 1986; Scott et al.,
2001). However, instances where microfossils are absent due to taphonomic bias (i.e.
chemical and mechanical breakdown) or are not present at all, their absence can be
problematic for determining sea-level (e.g. Shennan et al., 1999; Gonzalez et al., 2000;
Wilson et al., 2005b). This is particularly problematic for distinguishing between marine

or freshwater peat which has important implications for sea-level.

1.2.2. Organic Matter Geochemistry

Carbon isotopes (6'*C) and organic carbon to total nitrogen ratios (C:N) of coastal
sediments are also used as a sea-level proxy for determining sub-tidal, inter-tidal and
supra-tidal deposited sediments (e.g. Shennan et al., 2000, Wilson et al., 2005; Lamb et
al., 2006, 2007). The sources (terrestrial vs. marine) of carbon input to coastal and marine
environments can be identified by using the compositional isotopic variations of organic
carbon (Megen et al., 2002) but further discrimination is possible by including the
organic carbon to total nitrogen ratio (C:N). About 90% of all terrestrial plants use the C3
photosynthetic pathway and have 6"*C values between -32%o and -21%o whereas the
terrestrial plants that use the C4 photosynthetic pathway have &'*C values between -17%o
to -9%o (Deines, 1980). Terrestrial plants are predominantly composed of lignin and
cellulose (nitrogen poor) and have high C/N ratios >12 (Prahl et al., 1980). Marine 6"*C

particulate organic carbon (POC) values range between -21%o and -18%o (Peters et al.,
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1978; Wada et al., 1987; Middelburg and Nieuwenhuize, 1998) whereas C/N ratios range
between 5 and 7 (Meyers, 1994; Tyson, 1995). The marine 6'*C dissolved organic carbon
(DOC) values range between -22%o and -25%o, whereas the freshwater 6'*C DOC values
range between -26%o and 28%o. In coastal environments, the two main sources of organic
material in the coastal sediments have been considered as autochthonous sources (in situ
growth of plants) and allochthonous sources carried by wind or water, either from the
terrestrial catchment or from marine environment. The 6'*C and C/N ratios of sediments
are a function of these sources of organic material (either in situ or transported material)
and their corresponding proportions (Fry and Sherr, 1989). The §"3C values of organic
matter can reveal information on the source of organic carbon in an environment
(Nissenbaum & Kaplan, 1972). The range of 6'3C values closer to that of marine algae
than to that of terrestrial plant materials reveals that the sources of organic carbon are
nearshore marine waters and sediments (Eadie & Jeffrey, 1973). The major
autochthonous sources of organic matter in marshes are vascular plants whereas the
organic material in marsh sediments (as an allochthonous source) is derived from fresh,
brackish or marine environments in the form of particulate or dissolved material (Lamb et

al., 2006).

1.2.3. Particle-Size Analysis
Since 1960, a large number of studies have been conducted attempting to
determine the significance of textural characteristics (mean, mode, standard deviation

etc.) for interpreting environmental settings (tidal flats, marshes and dunes etc.) using a
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graphic calculation method (Folk and Ward, 1957) or calculated moment measures
(Friedman, 1961). However, subsequent research indicated that texture was not useful as
an indicator of the depositional environments (Shepard and Young, 1961; Schlee et al.,
1964; Moiola and Weiser, 1968; Solohub and Klovan, 1970). Recently three dimensional
plots (surface plot of Particle Size Distributions PSD; Beierle et al., 2002) have been used
as an alternative method of graphically representing PSDs which have been facilitated
with the advent of laser particle-size characterization (e.g. Donato et al., 2009; van
Hengstum et al., 2007; Reinhardt et al., 2010). Textural analysis can contribute a
significant role in categorizing the particles for interpreting the sedimentary environments
(Pye and Blott, 2004). The pattern of PSDs and their change with environment is a

potential facies tool that has not been fully explored (e.g. Reinhardt et al., 2010).

1.2.4. Ground Penetrating Radar

Ground Penetrating Radar (GPR) has been employed in coastal environmental
studies to determine large scale stratigraphic patterns (Neal et al., 2002; Barboza et al.,
2009; Bennett et al., 2009; Gomez-Ortiz et al., 2009; Neilson et al., 2009). Using high
frequency (MHz) electromagnetic pulses (EM), the GPR is able to acquire high
resolution images of subsurface stratigraphy and depositional geometry in suitable
substrates through the measurement of two- way travel time of reflected EM waves
(Neal, 2004). The high frequency (MHz) electromagnetic (EM) waves from GPR reflect
from sediment boundaries of contrasting electrical properties (dielectric permittivity) and

provide high resolution visualization of subsurface geometry (Neal, 2004). However,
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there can be problems with the GPR technique in coastal environments studies where
high electrical conductivity of salt water (due to an abundance of dissolved ions) acts as a
constraining factor for maximum depth penetration due to rapid diffusion of electrical
charges of propagating electromagnetic (EM) waves. Data collected from beach and
aeolian systems has been essential in the development and refinement of coastal
depositional models (Neal et al., 2002; Barboza et al., 2009; Bennett et al., 2009; Gomez-
Ortiz et al., 2009; Neilson et al., 2009). The cross-sectional profiles often highlight the
interface between overlying aeolian sediments and underlying intertidal facies which can
be helpful for paleo-sea level reconstructions (Neal, 2004; VVan Heteren et al., 2000).
However, the identification of the interface between intertidal and overlying aeolian
sediments cannot be achieved easily on the basis of sedimentary structures and grain size
analysis (Otvos, 2000). The paleo-shore line systems (i.e. shoreface-shelf) are
significantly characterized into shallowing upward sequences bounded by marine

flooding surfaces (Van Wagoner et al., 1990; Kamola and VVan Wagoner, 1995).

2. STUDY AREA
2.1. Regional Setting

St. Joseph peninsula is situated on the panhandle of Florida west coast in the
northeastern Gulf of Mexico at N29°50° and W85°20° (Fig. 1). It is located at the western
edge of the Apalachicola Barrier Island Complex (ABIC; Fig. 2) which is along the North
Florida Gulf of Mexico shoreline (Rink and Lépez, 2010; Fig. 1). It extends to the SE-

NW and is approximately 27km long with an average width of 305m (Fig. 2).
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St. Joseph Peninsula (SJP) encloses a large bay on the north with separation from
the Gulf of Mexico to the south with an approximate distance of 16km at its widest point
(Figs. 2, 3). St. Joseph bay is unique, as it is the only sizable body of water along the
northeastern Gulf of Mexico which is not of estuarine origin - i.e. not greatly affected by
fresh water influx. St. Joseph bay was formed by the development of a cuspate spit (St.
Joseph peninsula) and is being filled with Apalachicola river sand transported by
longshore currents (Stewart et al., 1962). The windward side of the peninsula is bordered
by beaches and dunes while the leeward side has tidal flats and marshes. Cape San Blas
(CSB) is located on the south of the peninsula and at the southwestern edge of the
westernmost portion of the ABIC (Figs. 2, 3). Similarly, CSB is characterized by the

beach ridges and beach/dunes systems (Fig. 2,3).

2.2. Previous Work

Research on the evolution of the ABIC began in early 1960s when Tanner (1961)
conducted research on the former Apalachicola River delta. Many studies relating to
sedimentology, mineralogy, geomorphology, archaeology and sea-level history, have
been conducted since then (e.g. Donoghue and Tanner, 1992; Rizk, 1991; Tanner et al.,
1989). Many of these investigations have focused on the formation and evolution of
ABIC (e.g. Stapor, 1975; Rizk, 1991; Otvos, 1992).

The first evolutionary model for the formation of the westernmost portion (St.
Joseph Peninsula) of Apalachicola Barrier Island Complex (ABIC) was developed by

Stapor (1973, 1975; Fig. 12). He proposed that Richardson’s Hammock and the north

10



Shakeel Ahmad M.Sc. Thesis

side of Eagle Harbor were nuclei which were further connected by spit accretion through
longshore currents (Fig. 12). Stapor (1975) reported a radiocarbon date (750 **C years
B.P.) from a peat sample collected from the marshy area to the south of Richardson’s
Hammock. Rizk (1991) favored Stapor’s model (1975) and examined the morphological
characteristics (orientation, curvature and truncation) of individual beach ridges at St.
Joseph peninsula, and divided these beach ridges into fourteen ridge sets. On the basis of
these beach ridge sets, he determined the supra tidal progradation and evolution of the
peninsula.

Stapor’s model was further supported by more recent studies of Otvos (2005)
where his four Thermo Luminescence (TL) ages (600 to 1700 years ago) agreed with the
original model. Forrest (2003) found similar Optically Stimulated Luminescence (OSL)
ages (n=4) that ranged from 8 to 1800 years BP and OSL ages from Rink and Lépez
(2010) supported that previous work.

Ldpez and Rink (2010) tested each section of the barrier (SJP) by dating sediment
cores from fourteen locations. They employed the Single Aliquot Regenerative and
Optically Stimulated Luminescence (OSL) dating techniques to determine the average
sediment accumulation rate, progradation rates and ridge accretion rates. Generally, the
oldest beach ridges are emplaced along the St. Joseph bay side whereas the youngest
ridges are located close to the Gulf of Mexico shoreline. According to their proposed
model, Richardson's Hammock which has the oldest ages and was the nucleus of the
barrier with Rish Park and the area south of Eagle Harbor emerging at a later stage. They

hypothesized that the existing barrier was formed by progradation and ultimate

11
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connection of these nuclei. They suggested that the CSB was formed, as a tombolo from
the main land, at the last stages of this barrier system (i.e. less than about 1000 years
ago). Their proposed model was in agreement with the Stapor's model - i.e. the
Richardson's Hammock is the oldest land form and the St. Joseph Peninsula was formed

after the formation of Richardson's Hammock.

3. METHODS
3.1. Field

Three vibra-cores were collected on the bay side of the peninsula (lee side) using
a similar apparatus as Smith (1992) with sites selected to provide a shore perpendicular
transect. Core 1 (N 29° 41° 18.1284”, W 85° 19’ 42.3654”") was from the tidal flat area,
Core 2 (N 29°41° 12.912”, W 85° 19’ 42.3654”) from the marsh and Core 3 (N 29° 41°
08.916”, W 85° 19’ 42.2832”) from a swampy beach ridge swale (Fig. 3). Surface
samples (n=18) were collected along a profiles across the CSB barrier (Fig.6). Elevations
across the barrier were measured with a stadia and level and are referenced to Mean High
Water (MHW) in the marsh (transition from high marsh to upland; Fig. 6). Four Ground
Penetrating Radar GPR profiles were recorded using a sensors and software Noggin 250
instrument calibrated to 10m penetration at 250 MHz. Three shore perpendicular profiles
were recorded on the gulf side of the barrier, with one of transects providing clear

stratigraphic boundaries and is presented here (Fig.3).

12
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3.2. Laboratory

Cores were split and peels were made using Avanti Hydro Sealant (AV-310) a
hydrophilic polyurethane injection resin used to seal cracks in concrete. When it comes in
contact with moisture, the resin expands and forms a flexible closed-cell polyurethane
foam. The resin was mixed with equal parts water, stirred and then poured over exposed
core surfaces and when cured (10 mins), peeled away. Differential penetration of the
sealant into the sediment enhances sedimentary structures that cannot be normally seen
(Fig. 4, 5). Peels were photographed and used for stratigraphic analysis. Cores were
sampled at 1 cm resolution for particle-size, Loss on Ignition (LOI) and organic matter

geochemistry.

3.2.1. Loss on Ignition (LOI)

LOI analysis followed the procedure used by Heiri et al., (2001). Samples were
dried in an oven (Model - MDL 45EG) at 105°C for 12 hrs to remove moisture. Ignition
of samples (at 550°C) was conducted for 2-3 hours in a Fisher Isotemp® 550 Series
Muffle Furnace (model number 550-58) with the Organic Matter (OM) content calculated

as weight percent (%). Results were plotted down core for analysis (Fig. 8).

3.2.2. Organic Matter Geochemistry
Samples for geochemical analysis were selected based on lithological units and to
provide even distribution throughout the cores (Core 1, n=12; Core 2, n=15; Core 3,

n=10; Fig. 8). The carbon isotopic composition (**C/'*C ratio, expressed as 8'*C) and the

13
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organic carbon to total nitrogen ratio (C: N) samples were prepared and processed in
Stable Isotope Research Laboratory (SIRL) at McMaster University. The samples were
pretreated with 10% HCI for 12 hours to remove carbonates and rinsed with water. The
samples were then dried at room temperature (= 25°C) for 24 hrs then crushed into finely
powder form using mortar and pestle. Approximately 0.5 mg to 1.5 mg (depending on
OM content) of sample was used for analysis. The geochemical analysis (6'*C and C/N)
were performed using a Costech Instruments Elemental Combustion System which was
connected to a Thermo-Finnigan Delta Plus XP® mass spectrometer. The stable carbon
isotope ratios were expressed in per mil (%o) relative to Vienna Pee Dee Belemnite
(VPDB) against various standards (i.e. NBS-21, USGS-24, ANU-Sucrose, etc.). The

uncertainty of standards for 6'3C was + 0.1 %eo.

3.2.3. Textural Analysis

Particle-size analysis was conducted at 1 cm intervals on samples after combusted
in the LOI procedure and thus contain only clastic components and shell material.
Deionized water (1-2ml) was added to the samples and allowed to soak overnight.
Samples were sand-sized, but were sieved to remove the >2000um fraction (mostly large
shells) before measurement. Particle-size measurement was conducted using a Beckman
Coulter LS-230 laser particle-size analyzer using the Fraunhofer optical model to
calculate Particle-Size Distributions (PSD) and statistical data. Approximately 1-2 ml of
sodium hexametaphosphate solution (1-2%) was added as a dispersant, and samples

homogenized by stirring as a moist paste before analysis (Donato et al., 2009).
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Conventional textural parameters (mean, mode, standard deviation, skewness, and
kurtosis) were calculated along with Particle Size Distribution (PSD) plots (Fig 8). PSDs
for each core were plotted using Geosoft Oasis TM software (Beierle et al., 2002).
Particle-size data was converted into phi log scale then gridded using the Triangular
Irregular Network algorithm (TIN; Sambridge et al., 1995; Fig. 8). PSD surface plots
allow visualization of minor particle-size variations in each core that may not be evident
with normal statistics (i.e. mean, mode, standard deviation, skewness, and kurtosis; i.e.
Inman, 1952, Folk and Ward, 1957). The particle size data, for each core was clustered
using Ward’s linkage and euclidean distance with the statistical program PAST™. This
clustering produces a hierarchical dendrogram showing sample groupings that shared
similar textural characteristics (Fig. 7). Hamilton (2007) provides a full description of the

application of multi-variate statistics to particle-size distribution.

3.2.4. Radiocarbon Dating

Six samples including two from Core 1 and four from Core 2 were selected for
radiocarbon dating (AMS; Fig. 8; Table 1). The samples were analyzed by Beta Analytic
Inc. Miami, FL. Four of the samples were small twigs and the other two were of
undifferentiated organic matter (see table 1).Samples were selected based on organic
matter availability and also stratigraphic boundaries within the cores.
The samples were subjected to multiple pretreatments (i.e. acid/alkali/acid for twigs and

acid washes for undifferentiated organic matter) prior to the analysis to eliminate
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contaminants. Conventional ages were then calibrated to years before present using

INTCALO4 (Reimer et al., 2004; Talma et al., 1993; Table 1)

3.2.5. Paleontological Analysis

Whole and broken shell fragments (bivalves and gastropods) were collected from
Core 1 and Core 2 and no shells were found in Core 3. Samples were washed and
identified using Mikkelsen and Bieler (2007) and Warmke and Abbott (1961). For
microfossil (foraminifera and thecamoebians) analysis, sub-samples of = 4cc were sieved
(38um) and examined using an Olympus SZX 12 research stereomicroscope (model-
ILLK100) at 60 to 90X. Thirty samples from regularly spaced intervals were examined

(10 each core) but no foraminifera or thecamoebians were found in any of the samples.

4. RESULTS
4.1. Modern Facies

The CSB barrier has low-lying topography with maximum elevation at
approximately 3 m above Mean-High Water (MHW; Fig. 6). The textural trends
throughout the various sub-environments on the barrier (beach, dunes, beach ridges,
swale swamps, marine marsh and intertidal sand flat) have relatively homogeneous
textures. Sediment was predominantly sand-sized quartz. The beach or the windward
side of the barrier has relatively smaller particle-sizes > 3 [1; v.f. sand) while the lee-side
is slightly coarser at <3 [ (f. sand) but the difference is very small. Similarly, the mode

and the Standard Deviations (SD) are very similar ranging from = 1.5 to 2 [1. The largest
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textural differences are with the swale swamps (mean = 8.6 []) and on the windward side,
the beach flat and swash zone (mean = 1.0 to 1.5 [1). The marine marsh also has some
lower SDs at 2.5 (1. Generally however, the sediment is a v. poorly sorted (= 3 [1), fine

sand with little variation across CSB.

4.1.1. Intertidal Sand flat

The tidal flat facies was characterized by light grey, m. sand sized (i.e. average
mean = 1.9 [J), very poorly sorted (i.e. average SD 3.1 [1) sediment with abundant shell
fragments (Fig. 6). Asymmetrical, straight crested tide dominated ripples were observed
on the surface. However, no cross-bedding was evident in the short core taken at this
facies environment. Bivalve shells (i.e. Anomalocardia cuneimeris) were dominant
throughout this environment; most of the shells were fragmented (range: 1-10 cm) likely
due to predation by birds and crabs. The proportion of angular shell fragments (i.e. 58%)

was greater than that of the whole shells (i.e. 42%).

4.1.2. Marine Marsh

The marsh facies consists of light-dark grey; m. to f. sand sized (i.e. average mean
= 2.0 [J), very poorly sorted (i.e. average SD = 2.8 (1) sediment with fibrous peat (LOI=
6 %; Fig. 6). Spartina alterniflora/patens occupied the low marsh whereas Spartina
patens / Juncus roemerianus Were dominant in the high marsh (Kemp et al., 2010). The

marsh was approximately 80-100m wide and had cerithid gastropods and extensive
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burrows. The upland/high marsh facies was black, decomposed organic material and the

vegetation transitioned to pine flatwoods and slash pine at higher elevation.

4.1.3. Upland - terrestrial

This facies is mainly consistent of beach ridges and dunes with variable amounts
of vegetation ranging from sea-oats (i.e. Uniola paniculata) to forested areas (i.e. Pine
flatwoods and slash pine etc.; Fig. 6). The beach ridge facies environment had an
alternating sequence of ridges and swampy swales. The beach ridges and dunes were
composed of light grey, very poorly sorted (i.e. average SD = 3.1 []), m. to f. sand sized
(i.e. average mean = 1.9 [1) sediment. The swampy swales had standing water as they
were close to the water table and contained organic rich (50-60 %) sediment. The
foredunes on the modern beach were variable in height but generally ranged from 0.5m to
1m. Roots casts and low-angle cross beds with burrows were evident in scarps in the

dunes.

4.1.4. Beach

The beach contained m. to c. sand sized sediment (average mean = 1.2 [1), very
poorly sorted (average SD = 2.8 [J; Fig. 6). Wrack lag lines on the beach had extensive
accumulations of bored bivalve shell fragments. The swash zone sediments were slightly
coarser (i.e. mean = 0.9 [1), poorly sorted (SD = 1.62 [J) and had abundant shell
fragments. Gently dipping seaward cross laminations were found in short cores taken

from this area.
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4.2. Core Facies

The PSDs in all the cores were largely unimodal with a mode in most intervals
between 1.7 and 2 [J and tended to be skewed with a fine tail into the silt range.
Variations in the PSDs mostly occurred in those fine tails of the distribution with the
dominant particle-size (mode approx. 2 [1) staying constant throughout the cores (Fig. 8).

Cluster analysis of the PSD data produced Litho-Facies (LF; intervals of similar
PSDs) in the individual cores (Fig. 7). The similarity level of groupings was selected
based on the lithologies visually logged with the sediment peels. This produced three
clusters in Core 1, six clusters in Core 2 and six clusters in Core 3. These groupings
largely followed the visual representation of facies within the cores confirming these
assessments. In most instances, continuous sample intervals (e.g. samples from 72 - 116
cm in Core 2 Lithofacies 3) clustered together with very few groupings that contained

mixtures of various odd samples (e.g. Core 2 Lithofacies 6; Fig 7b).

4.2.1. Swamp:

The Swamp Facies was found at the base of Core 1 and 2 (220-245 cm; 290-320
cm Fig. 8a, b) and at the top of Core 3 (0-60 cm; Fig. 8c). In Cores 1 and 2 it consists of
OM sand with no discernible OM fragments (highly decomposed) whereas the unit at the
top of Core 3 has extensive OM fragments (Sandy Woody Peat). The C:N ratios and 6'*C
values in all three intervals are similar suggesting that they all formed in swamp. The C:N

and 8°C values (~12 to 30; -21 to -26 %o) likely represent a mixture of C3 plants and
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freshwater DOC, POC and algae which are driving the C:N ratios to smaller values (Fig.
9). The Swamp Facies is part of the Strandplain Facies (discussed below) as it does not
contain any shell material to suggest a marine origin and the *C dates are ~30 Ka years
BP and > 44 Ka years BP and therefore formed during the last glacial when sea-level was
much lower.

The textural characteristics of the Swamp Facies are very similar between the two
units in Cores 1 and 2. In Core 1 (LF 3) and Core 2 (LF 6), the Swamp Facies clustered
with parts of the Strandplain (Fig 7a, b; Fig 8a, b), but it clustered as a separate entity in
Core 3 (LF 1 and 2, Fig.8c). The average mean particle size and mode are the same for
facies in Cores 1 and 2 (1.8 [1; 1.9 [1) and the SD is slightly different at 2.8 and 2.9 [
respectively. The Swamp Facies in Core 3 also clusters separately from the rest of the
core (LF1 and 2) but it is different in that it has textures dominantly in the silt range
(mean = 6.0 [1, mode = 5.3 [], SD = 6.5 [7) and has higher LOI values (60%) than Cores
1 and 2 (= 2%). This is due to the better preservation of OM in the recent Swamp Facies
in Core 3 vs the decomposed OM in the older intervals in Cores 1 and 2.

However, despite these differences in texture and LOI, the similarity in the OM
geochemistry suggests that the basal layers of Cores 1 and 2 represent a similar

environment as that to the modern swamp as found in Core 3 (Fig. 10)
4.2.2. Strandplain:
The designation of the Strandplain Facies is mostly inferred by the old

radiocarbon dates obtained in Cores 1 and 2 (Core 1: 26 Ka years BP; Core 2: 12.8 ka
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years BP; Figs 8a, b) that indicate this facies cannot be of marine origin and must be
terrestrial. Reinforcing this interpretation is the lack of shell material to suggest a marine
environment which is seen in upper core intervals. The C:N and 8"C are decreasing and
increasing through this facies with the C:N ratios within the terrestrial plant range (C3
and C4) but the sediments also likely contain freshwater DOC, POC and algae (Fig. 9).
The general increase in §'°C values from the Swamp Facies could represent increasing
C4 plant contributions and and/or decreasing influence of freshwater POC and algae
indicative of sediment infilling the wetland. The “flaser-type” bedding seen at the base
of the Strandplain Facies in the cores (Core 1: 140-220 cm; Core 2: 160-290 cm) is
suggestive of alternating wet and dry conditions which maybe seasonal - this is also seen
with the alternating LOI values (0.5 to 5%; Figs 8a, b). The OM rich units likely
representing wet periods with ponding of water and the sand deposited during the dry
months via wind or sheet wash during rainfall events. (Martin, 2000; Reineck and
Wunderlich, 1968). The transition to more mottled OM sand maybe a reflection of the
gradual infilling of the wetland and increased bioturbation (burrowing and roots).

The cluster analysis distinguished the Strandplain Facies in both Cores 1 (LF 2
and 3) and 2 (LF 4 to 6; Figs 7a, b). The PSDs tend to be uniform in both cores with
some subtle cm scale changes occurring in the fine tails of the PSDs and there are regular
alternations in the modal values between ~1.9 - 2.0 [ in both cores (Figs 8a, b). The
transition from flaser-type bedding to more mottled OM sand is marked by decreasing

OM contents in Core 1 (60-140 cm) but to a lesser degree in Core 2 (120- 155 cm).
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The discordant radiocarbon dates 26 Ka vs 12.8 Ka at 115cm and 301 cm in Cores
1 and 2 (uncompacted) may indicate some reworking of the OM in the strandplain
environment or the units accumulated at different times (Fig. 10). The reworking of OM
is favored here as the cores are so close to each other (160 m) it does not seem plausible
that the units accumulated 12 Ka apart. However, despite this discrepancy, there is
nothing in the Strandplain Facies to indicate any marine influence and based on the
radiocarbon dates they represent sediments deposited just prior to Holocene sea-level

rise.

4.2.3. Intertidal Sand Flat:

The Intertidal Sand Flat Facies is marked by the appearance of shell material in
the sediments (mainly Anomalocardia cuneimeris (bivalves), Cerithium eburneum
(gastropods)) which begins at = 60 cm in Core 1 and 120 ¢cm in Core 2 (Figs 8a, b). LOI
values drop to lower values (~ 0-2 % from ~ 2-3%) and mean particle size drops slightly
in Core 1 but doesn’t appreciably in Core 2 (i.e. vis a vis the Strandplain Facies). Cluster
analysis results correspond to the appearance of the shell material in the cores (LF1 in
Core 1; LF3 in Core 2; Figs 7a, b). The PSDs in this facies do not have a prominent fine
tail as do the other facies (Strandplain). OM geochemistry in the Intertidal Sand Flat
Facies is very similar to the underlying Strandplain Facies and may reflect reworking and
mixing of older terrestrial OM with marine algae or POC, but the terrestrial OM seems to

be dominating the values (Fig. 9).
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The Storm Deposit Facies was distinguished as an individual lithofacies (LF2) in
the cluster analysis but it is considered to be part of the Intertidal Sand Flat Facies (Core
2, ~40-70 cm). The Storm Deposit Facies does not contain abundant shell material, and
is composed of slightly coarser sand (mean = 1.7 (1, mode = 1.8(1) likely coming from
overwash as it does not contain any shell and is likely coming from terrestrial source but
the LOI values are very low compared to the Marsh Facies (Figs 8a, b). C:N ratios
increase and 8*3C values decrease compared to the underlying Intertidal Sand Flat Facies
which likely reflects the intrusive roots which penetrated from the overlying Marsh
Facies.

The **C date for the transition to marine sediments at 120 cm in Core 2 is ~ 2.2 ka
years BP with the transition in Core 1 inferred to be occurring at the same time or

perhaps a little earlier as the cores are in close proximity to each other (160 m; Fig 10).

4.2.4. Marsh Facies:

The Marsh Facies is found in Core 2 and reflects the progradation of the lee-side
of the CSB barrier (e.g. development of marsh over intertidal sand flat). This facies is
characterized by fibrous sandy peat in Core 2 from the surface to 40 cm (Fig. 8b). The
cluster analysis distinguished this facies from the Intertidal Sand Flat Facies (LF1) based
on the PSDs which are not as prominently skewed with a fine-tail (Fig. 7b). The mean
particle size is smaller (= 1.7 [J) compared to the other facies but is very similar to the
Storm Deposit Facies (Fig. 7b). The mode (1.8 (1) and the SD are less variable in this

facies (Fig. 8b). Geochemically, the Marsh Facies (Core 2) has slightly higher C:N ratios
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and the 8*3C values increase relative to the values observed in the Intertidal Sand Flat
Facies (Fig. 9). Unfortunately, there is only one sample in this facies, but it indicates an
increased marine influence as would be expected, with the values the sum of marine
POC, algae, and terrestrial plant debris, sedges and marsh grasses (C3 - sedges e.g.
Scirpus olneyi and C4 - marsh grasses e.g. Spartina patens; Arp et al., 1993).

The progradation of the marsh over the Intertidal Sand Flat Facies began around ~

340 years BP as found at the base of the fibrous peat in Core 2 at 40cm.

4.2.5. Aeolian Facies

The Aeolian Facies is found in Core 3 and is composed of medium sand (1-20)
with little variation in that size throughout the core except for the Swale Swamp Facies
(Fig 8c). The cluster analysis separated the core into four lithofacies with LF 3 and 4
considered to be aeolian. The only variation between these two lithofacies was the extent
of the roots traces which were more abundant in LF 3 and the presence of faint low-angle
crossbeds as observed in the sediment peels. LF2 is a transitional unit between the
aeolian sediments and the overlying swale swamp peat as the particle-size decreases (2 to
3 [J) and the LOI values increase (0-30%) to LF1 values (Swale Swamp Facies). The
PSDs in the Aeolian Dune Facies are different that the Strandplain Facies and the Marine
Facies (Intertidal Sand flat, Storm Deposit and Marsh). The PSDs are skewed with a fine
tail, but they also have multiple small peaks in the fine tail that are not displayed in any
of the other facies (Fig 8c). Geochemically, the C:N ratios and the 813C values are all

within the C3 terrestrial plant range which would be expected with grasses (e.g. sea-oats)
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and eventual forest cover and the formation of the swale swamp with rising sea-level and

water table (Fig. 9).

4.3. Ground Penetrating Radar (GPR)
The GPR profiles show four distinct units within 3-4 m depth below the ground

surface on windward beach of CSB (Figs. 3 and 11).

4.3.1. Unit A:

This is the deepest unit recorded in the profile, characterized by weak and
numerous reflectors. This unit represents a shallow water table containing intrusive salt
water which rapidly diminishes the propagating EM waves from GPR, thereby
constraining the depth of penetration. Reflector surfaces and depositional geometry

cannot be distinguished below this depth (i.e. > 3-4m; Fig. 11).

4.3.2. Unit B:

This unit is located approximately 1-3m below the ground surface. The unit
contains distinct prograding clinoforms which downlap onto Unit A. The geometrical
appearance of the clinoforms provide strong evidence of aggregation towards south (i.e.
seaward). The aggregating clinoforms seem to be overlain by an erosional surface

separating Unit B and Unit C (Fig. 11).
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4.3.3. Unit C:

The base of this unit appears to be an erosional surface, truncating the underlying
clinoforms of Unit B. Depositional structure within this unit contains a number of small,
low angle reflectors which resemble beach dune deposits. These deposits are truncated by
another erosional surface which acts as the top bounding surface of Unit C and separates
it from the overlying Unit D. This top erosional surface contains multiple ridges and
swales reflecting paleo-beach topography. The erosional nature and shallow depth (i.e. <
1m) might be a reflection of erosion due to high energy events (i.e. storms; Fig. 11).
4.3.4. Unit D:

This unit, separated by an erosional surface from the underlying unit C, is referred to the
current modern beach deposits. Low-angle onlap and downlap terminations at the base

suggest migrating dune field deposits towards the north (i.e. landward; Fig. 11).

5. DISCUSSION
5.1. Barrier Evolution

There is nothing in our data to suggest that there was a higher than present sea-
level over the Holocene. Our stratigraphic data shows a slow rise in sea-level that
flooded the older terrestrial surface at approximately 2.2 Ka. The elevation of this
flooding surface in Core 2 (-1.4 m uncompacted depth; Fig. 10) is consistent with
previous sea-level data collected in the Gulf Coast from submerged sites (Tornqvist et al.,
2006; Wright et al., 2005; Milliken et al., 2008) which is at odds with the evidence for a

mid-Holocene highstand coming from subaerial beach ridges (e.g. Stapor et al., 1991;
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Tanner, 1992; Morton et al., 2000; Fig.14). The transition between the older Strandplain
Facies (ca. 12 Ka) and the marine Intertidal Sand Flat Facies represents a ravinement
surface that partially eroded the older sediments during the transgression (Fig. 13).
Progradation with the Marsh Facies began by at least 0.3 Ka (Fig. 13).

The GPR and previous OSL dates largely confirms this model of barrier
formation by providing data for the Gulf side of CSB and estimates of beach ridge
formation (Rink and Lopez, 2010; Fig. 12). The GPR data shows the erosional truncation
between Units B and D which likely corresponds to the ravinement surface dated to 2.2
Ka in the cores - the two are at approximately the same elevation (= -1.2 to 1.4 m) and
likely occurred around the same time (Fig. 14). Unit B likely represents older sediments
(>12 Ka Strandplain Facies) that are seen at the base of the cores.

Evidence on the formation of the barrier through the progradation of beach ridges
is provided through OSL dates in Rink and Lopez (2010; Fig 12). The beach ridges
started forming by at least 0.6 Ka and likely started sometime earlier as they did not date
the most northerly ridges. Three other dates from CSB at 330 and 530 years BP show the
subsequent progression of ridges to the present. This timing fits well with the
radiocarbon ages and sequence in the intertidal cores where progradation of the Marsh
Facies began at least by 0.3 Ka and likely earlier.

The data from the CSB indicates that at least this section, and likely others have
an older core at their foundation and that the post-Holocene rise in sea-level sediments is
a relatively thin veneer. Most of the ages obtained from the SJP and CSB are from

relatively shallow (above sea-level) aeolian contexts (with possibly some shallow
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shoreface) and they are all relatively young (< 2 Ka). Several areas such as Richardson’s
Hammock and Rish Park have older ages (= 3 Ka) and are viewed as being the nucleus of
the barrier (Rink and Lopez, 2010; Stapor 1973, 1975; Fig 12). However, in none of the
previous research were dates found as old as those in this study (>12 Ka). They have not
been reported as most of the previous cores probably did not penetrate deep enough to
sample through the aeolian sediments, but it is likely that the whole barrier is underlain
with these older sediments. The underlying core of the CSB is old (>12 Ka) but sea-level
rise modified that surface after 2.2 Ka with the barrier forming sometime before 0.6 Ka
with beach ridge accretion. Our results still reinforce the model proposed by Rink and
Lopez (2010; modified from Stapor, 1973,1975); i.e. Richardson's Hammock is the
nucleus (3.3 Ka) with Rish Park (2.2 Ka) and the area south of Eagle Harbor emerging
later and CSB forming as a tombolo from the main land.

Older ages are not unfounded in previous studies in the area. Osterman et al.,
2009 found ages ~ 40 to 54 Ka years BP in some of their cores from Apalachicola Bay
just to the east of CSB. They interpreted the lowstand area to be a wooded vegetated

coastal plain which fits our observations in our cores.

5.2. PSDs, Cluster Analysis and OM Geochemistry

The high resolution particle-size analysis generated a large data set of textural
information for facies analysis. However, traditional particle-size statistics often
oversimplifies the presentation of that data, missing important characteristics such as

multi-modal distributions. PSD plots were developed to display this data in a format that
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would allow the full PSD to be seen (Beierle et al., 2002; van Hengstum et al., 2007).
Multivariate analysis (Q-mode) allowed the large dataset of PSDs to be statistically
compared and classified for facies analysis. Donato et al. (2009) found it worked
effectively for classifying tsunami deposits in a coastal lagoon in Oman, but here we
apply it to longer cores. In this study, cluster analysis divided the cores into distinct
textural groupings that followed the other proxies providing greater confidence in facies
designations.

Carbon isotopic (6'*C) and C:N ratios of coastal sediments were employed here as
an alternate proxy for microfossils to categorizing the sub-tidal, inter-tidal and supra-tidal
zones (Shennan et al., 2000). Often, the different sources of carbon input to the coastal
and marine environments can be identified by using the isotopic variations of organic
carbon (Megens et al., 2002; Lamb et al., 2006). However, the geochemical proxies were
not overly effective here as there was some difficulty isolating the exact sources of OM.
The geochemistry seemed to be effective in determining the OM rich environments such
as the swamp and the marine marsh, but other facies were not as easily interpreted
(Strandplain Facies). The variable inputs of OM in nearshore environments and
reworking and mixing of older sediments provide a myriad of problems for the usage of
OM geochemistry and as pointed out by Lamb et al., (2006) it is the relative change

through the succession that is most important and that did prove effective in our cores.
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6. Conclusions

The combined use of high resolution particle-size (PSDs), cluster analysis, isotope
geochemistry and GPR profiles provided a comprehensive assessment of the stratigraphic
development of the CSB in the absence of microfossil evidence. It is unclear why no
foraminifera or thecamoebains were found in the cores in particular since they were
found in the cores from Apalachicola Bay (Osterman et al., 2009).

The stratigraphic analysis found that the CSB was based on an older nucleus of
strandplain deposits dating to >12 Ka that were subsequently flooded and modified
through Holocene sea-level rise at = 2.2 Ka. Actual barrier formation began sometime
between 2.2.Ka and 0.6 Ka. However, Richardson’s Hammock is emerged as a nucleus
around 3 Ka which is the oldest beach ridge measured by Rink and Lopez (2010).
Progradation of the barrier on the St Joseph Bay side began at least by 0.3 Ka and likely
earlier. There is no evidence to indicate a higher than present sea-level in our core data

and our data follows that of other studies using submerged samples (offshore).
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Figure 1. Location of Florida relative to the Atlantic Ocean and Gulf of Mexico.
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Figure 2. a) Location of study area relative to Port St. Joe and Gulf of Mexico. b) Digital
Elevation Model (DEM) of the study area.
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Figure 3. Aerial view of the study area showing locations of cores (C;.3) taken in St.
Joseph Bay and GPR profile (A1-A,) in Cape San Blas, Florida.
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CORE 3 (Upland Swamp)

Core 3
0

Depth(cm)

CORE 1 (Tidal Flat)

Description
- At 55-Ocm, off white to white, medium grained, poorly
sorted, shelly sand enriched in quartz with whole and broken
shell fragments increasing upwards.
- Gradational contact

- At 144-56cm, light brown to dark grey, medium to fine
grained, poorly sorted sand with organic mottling, no shells.

- Gradational contact

Depth(cm)

- At 220-145cm, light brown, poorly sorted,
flaser bedded organic matter sand, no shells.

- Gradational contact
- At 244-221cm, medium grained, poorly sorted, dark brown
sandy organic matter, no shells.

Description

- At 58-Ocm, dark brown, fine grained,

Figure 4. The lithological descriptions of cores.
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CORE 2 (Marsh)

Description

- At 46-Ocm, light brown, medium graind, poorly sorted, fibrous peaty
sand rich in plant roots increasing upwards, no shells.

- Gradational contact
- At 71-47cm, off-white to white, poorly sorted quartz rich sand with

plant 1oots, no shells.
- Sharp contact

- At 116-72cm, dark to light grey, medium to fine grained, poorly sorted,shelly
sand, wood fragments and plant roots, scattered whole shells and fragments.

- Gradational contact

- At 157-117cm, light brown to dark grey, medium to fine grained, poorly
sorted, sand with organic matter mottling.

- Gradational contact

-At 256-158cm, dark to light brown, medium grained, poorly sorted,
flaser bedded organic matter sand, no shells.

- At 289-257cm, dark brown, medium grained, poorly sorted, flaser
bedded organic matter sand. no shells.

- Sharp contact
- At 316-290, black to dark bown, medium grained, sand size particles, highly
decomposed organic material, no shells.

Legend

extremely poorly sorted, sandy woody peat, full m Fibrous peaty Sand Gradational
£ 1 sand contact
of roots.
Sand with

: Flaser bedded

- Gradational contact - ' : -
adational contac organic matter mgﬂ?‘m ‘matter n Shell Fragments
- At 132-59, light brown,medium grained, very sand mottling
poorly sorted, sand with abundant plant roots - Sandy woody Branches, wood Bivalves
increasing upwards. peat fragments
:| - Gradational contact - Dark brown sandy Roots

- At 165-133cm,off-white to white, medium to organic matter
fine grained, quartz rich sand with few root
casts in the upper portion. E Sharp contact Gastropods
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Lithofacies

Samples: 145-247cm

Mean: 1.82 + 0.12phi
Mode: 1.93 + 0.06phi
SD: 2.79 + 0.22phi
LOLI: 1.90 + 0.74%
C/N: 23.27 + 18.65
8C: -15.96 + 3.39%0

Samples: 56-144cm

Mean: 2.00 + 0.11phi
Mode: 2.05 + 0.06phi
SD: 2.98 + 0.24phi
LOI: 145+ 0.67%
C/N: 11.65 + 0.89
8"3C: -13.62 + 2.09%0

Samples: 1-55cm

Mean: 1.83 + 0.06phi
Mode: 1.96 + 0.07phi
SD: 2.96 + 0.16phi
LOLI: 0.50 + 0.27%
C/N: 12.03 £2.20
61C: -14.23 + 3.06%0

. Thesis

Figure 7a. Q-mode cluster results showing mean values and sample interval for each

lithofacies in Core 1.
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Lithofacies

Samples: 158-256cm

Mean: 1.87 = 0.05phi
Mode: 1.92 +0.05phi
SD: 2.81 +0.17phi
LOI: 2.09 = 0.84%
C/N: 17.75+4.29
81°C: -16.95 £ 3.20%o0

Samples: 257-3 16cm (mostly)
several odd samples

Mean: 1.78 = 0.11phi
Meode: 1.90 + 0.08phi
SD: 2.92 +0.30phi
LOI: 1.96 + 1.43%
C/N:24.02+ 599
81C: -19.29 + 2.03%o

Samples: 72-116¢m

Mean: 1.99 & 0.12phi
Mode: 2.03 & 0.08phi
SD: 2.85 +0.15phi
LOI: 1.38 +0.58%
C/N: 1223051
81°C: -19.02 + 0.58%o0

Samples: 117-157cm
Mean: 1.93 = 0.10phi
Mode: 1.96 + 0.07phi
SD: 2.75 + 0.11phi
LOI: 1.90 £0.71%
C/N: 1238+ 1.33
81C: -14.12 £ 1.09%o

Samples: 47-71cm
Mean: 1.65 + 0.13phi
Mode: 1.75 £ 0.12phi
SD: 3.08 +0.17phi
LOL 0.47 £ 0.20%
C/N: 17.90 = 0.00
8BC: -23.34 £ 0.00%o

Samples: 0-46cm
Mean: 1.72 & 0.04phi
Mode: 1.76 & 0.03phi
SD: 2.94 + 0.10phi
LOI: 1.95 + 1.33%
C/N: 17.75 + 1.61
813C: -19.19 & 1.76%0

M.Sc. Thesis

Figure 7b. Q-mode cluster results showing mean values and sample interval for each

lithofacies in Core 2.
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Lithofacies

Samples: 34-58cm

Mean: 2.29 + 0.32phi
Mode: 2.01 + 0.06phi
SD: 3.00 + 0.10phi
LOI: 11.63 + 5.48%
C/N:20.22+ 0.00
813C: -23.58 + 0.00%0

Samples: 133-165cm
Mean: 1.98 + 0.08phi
Mode: 2.05 + 0.05phi
SD: 3.29 + 0.20phi
LOI: 0.46 £ 0.51%
C/N: 13.90+ 1.12
81C: -21.96 + 1.42%0

Samples: 27-33e¢m
included in 2b

Samples: 59-68; 86-132cm

Mean: 1.51 + 0.13phi
Mode: 1.62 + 0.17phi
SD: 2.81 £ 0.17phi
LOI: 0.45 £ 0.35%
C/N: 18.34 +3.48
813C: -24.09 + 1.23%0

Samples: 69-85¢cm
included in 3a

Samples: 1-26cm
Mean: 5.95 + 2.33phi
Mode: 5.34 £+ 2.15phi
SD: 6.50 + 2.60phi
LOI: 45.94 + 10.98%
C/N:22.13+3.61
63C: -23.94 + 0.03%o

M.Sc. Thesis

Figure 7c. Q-mode cluster results showing mean values and sample interval for each
lithofacies in Core 3.
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CORE # 1 (Tidal Flat)

Lithologic Dates PSD Mean Mode SD LOI CN 8BC  Lithofacies
Log “C (phi) (phi) (phi) (phi) (%)

0 5 10 1.01.52.02.5 1.852.052.25 152535 012345 0 204060 -25-20-15-10

1
_______ T N L D . G R 5 P ) R
- 725,990+130 B.P.
8 % 2
£
SRR Y S A = Lo o
3
[229.640x170 BP. Lt = ____E > L _x~____ ——
C M F
Abundance(%) Sand
0.0 0.1 0203 106294
CORE # 2 (Marsh)
Lithologic  Dates PSD Mean Mode SD LOI CN 81C Lithofacies
Log “C (phi) (phi) (phi) (phi) (%)
0 5 10 10152025 16182022 1.752.753.75 02468 10 20 30 -24-20-16-12
F
<
k=]
&
a

Sand

Abundance(%)
01 02 03 10 6193

00
A .

Environment

Intertidal
Sandflat

Strand Plain

g
gl

Environment

Marsh

Storm deposit
Intertidal
Sandflat

—4—

Strand plain

Swamp

Figure 8 (a, b). Lithologic logs, particle size distributions (PSD), conventional statistics
(mean, mode and standard deviation), LOI, C:N, 6'3C, cluster analysis defined lithofacies

for compacted cores (1,2). See Fig.5 for facies photographs.
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CORE # 3 (Upland Swamp)

Lithologic =~ PSD Mean Mode S.D LOI C:N 8C  Lithofacies Environment
Log (phi) (phi) (phi) (phi) (%)

0 5 10 13579 13579 246810 0204060 10152025 -26-24-22-20

Swamp
s —y
g
A
k=]
g Aeolian Dune
A €0

Sand Silt Clay

Abudance(%)
0.0 10 03 10 30 90
[ I

Fibrous peaty
sand

Sand E Sharp contact Gastropods

Sand with Gradational
organic matter organic matter contact

sand mottling

Sandy woody EI Branches, wood n Shell Fragments
peat fragments

Dark brown sandy - Roots -E Bivalves
organic matter i

Flaser bedded

Figure 8c. Lithologic logs, particle size distributions (PSD), conventional statistics
(mean, mode and standard deviation), LOI, C:N, 8'3C, cluster analysis defined lithofacies
for compacted core 3. See Fig.5 for facies photographs.
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Bacteria (1~ 140) (1-39)
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Figure 9. Plot showing distribution of 6'*C and C/N ratios and the typical 8"*C and C/N
ranges for organic inputs to coastal environments after Lamb et al., 2006 (numbers in
brackets refer to core and sample depth). POC — Particulate Organic Carbon; DOC —
Dissolved Organic Carbon.
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CORES CORRELATION

Distance(m)
N r T T T T T T T T T T T T T T T 1 S
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320

. Core 3

20 Core 2
MHW = = = = == = = = = = = = = =y — — — — — _——
<20 A1
40

60 - %340 + 30B.P.

Swamp

-80 Intertidal
-100 A o Sandflat

| Acolian Dune
-120 A i

-140 4 Ravinement

L. % [2180+30B.P.
] 25990 +130 B.P. .
-160 - Strandplain

Elevation(cm)

-180 4
=200 A

220 1 lling Strandplain
240
-260 A
230 4 Strandplain
2300
-320

340 4
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-360 A
29640+ 170 B.P.
-380 A

>
400 43500 B.P.

VE=50:1
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320
Distance(m)

Figure 10. Correlation of the three vibra-cores (uncompacted) based on lithofacies and
organic matter geochemical analysis. Core locations are shown in Figures 3 and 6.
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0 1125m

A GPR-1
250220 yrs

Beach Ridges

02 = 1,700 yrs

Blowout, washover,
sand dunes

F2 = 600+50 yrs

SIP002(1.2) 04=1,300 yrs

(19030 yrs, 120+8 yrs)

Wwild

F3=90=+50 yrs
930+70 yrs

Deer Ridge Triplets F1=1,800+400 yrs
1000+80 yrs ~ o
1500+100 yrs 05 =1.000 yrs ]
1600+100 yrs Harvey / |
" 1700£100 yrs [ 4 In

Tidal |
Flats ! [

Old Cedar-1, 940 £100 yrs

0Old Cedar GEO-1, 1,780+130 yrs
White Sands

170+10 yrs

Rish Park
22004200 yrs
03 = 1,600 yrs

RH-TUE-1, 1,400+ 100 yrs | Haven
RH-TUE-2, 3,300 +300 yrs | 950480 yrs
RH-GEO-1, 2,700+400 yrs
RH-A, 3,100 £300 yrs
RH-B, 2,300 £200 yrs
S1="750+400 yrs

Romanelli
# | 530-40 yrs
-»

ogan

01=2,900 yrs
+
@ - OSL ages by Rink and Lopez (2010) Rov Eslin 330+20 yrs
F - OSL ages by Forrest (2003) 63 gi 4% yrs

O - TL ages by Otvos (2005a) C2-2=2,180 £30 yrs
C2-1=340+30 yrs

S - Radiocarbon age by Stapor (1975)

C - Radiocarbon ages this study

Figure 12. Map of Saint Joseph peninsula (modified after Rink and Lopez, 2010)
showing compiled OSL dates: (Stapor 2007, Forrest 2003, Otvos 2005a, Rink and Lopez

2010) and (**C) from this study.
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A
® o McFarlan (1961) m Fairbridge (1961)

A Behrens (1966) @ Schnable & Goodell (1968)

m  Stapor & Tanner (1977; Tanner et al. (1989) A Morton et al. (2000)

@ Blum etal. (2002) ®m Stapor and Stone (2004)

—— 7 -Pt Floating Average @® This study
i i L] T T T
7,000 6,000 5,000 4,000 3,000 2,000 1,000 0
cal yr BP

Thesis

L -10

F 12

- -14

- -16

-18

Sea Level (m)

Figure 14. Gulf of Mexico younger data comprising dated sample sets collected onshore
and offshore from the present shore line. Solid curve represents a 7-point floating
average, which has been fitted to the calibrated age data set (Donoghue, J.F. and Balsillie,

J.H., 2004)
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